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Abstract
Non-invasive characterization and observation of synthetic membranes is an important practice to monitor the
performance of membrane process. Primarily there are two techniques — optical and non-optical for this purpose.
Among them, X-ray computed tomography, as a non-optical technique, has been extensively used for the
measurement of fibre distribution and air pockets trapped in the modules. However, the micro resolution of most
commercial systems has limited its application which can hardly be used for the sub-micro characterization of
membrane processes. A novel micro and nano characterization method is introduced in the current work by
exploring an innovative development of the X-ray ultramicroscope (XuM) and micro-tomographic techniques.
The XuM, based on using a scanning electron microscope as host, provides a new approach to X-ray projection
microscopy. It has demonstrated the ability to characterize very small features in objects, down to of order
100 nm, including the use for dry, wet and even liquid samples. It can also distinguish objects with very subtle
difference in density.
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1. Background
Water shortage currently occurring in many
countries has a significant impact on business
development and even people’s health. Up to
half of humanity at any time has one of the main
diseases associated with poor drinking water and
inadequate sanitation [1]. To tackle this water
shortage and water contamination, recycling and
desalinating plants are widely introduced in
many countries, which greatly alleviate the pres-
sure for the water supply systems. However, the
quality of treated water varies with feed water
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quality and has been a concern from the
community.
The membrane filtration process is one of the
most popular water treatment processes. The
porous structure of the membranes dominates
the filtration or separation characteristics,
which can be used to predict the molecular
weight cut-off and the rejection for different
solute molecules or particles. This allows an
appropriate membrane process to be chosen to
achieve specific filtration, separation and purifi-
cation goals.
Accurate characterization of membrane pore
structure is particularly important. There are
many conventional techniques developed for
this purpose in the middle of last century, such
as microscopy observation and measurement,
mercury porosimetry bubble pressure and gas
transport method [2], gas–liquid equilibrium
method (permporometry) and thermoporometry
[3]. More recently, some research groups had
developed non-destructive approaches to char-
acterize membrane pore structure either through
glucose diffusion and electrical resistance
measurements [4] or by ultrasonic technique
[5]. However, those methods except microscopy
are not directly related to the solute or particle
permeation performance which is the most
important characteristics of filtration/separation
membranes [6].
It is believed that the microscopy method
including scanning electron microscopy (SEM),
transmission electron microscopy (TEM) or
atomic force microscopy (AFM) [7] is the most
direct method to characterize the membrane
pore structure. Many image processing algo-
rithms were developed to characterize the
membrane pore structure [8,9], such as pore
radius, pore density, pore shape, pore length, tor-
tuosity, and effective pore diameter. However,
those methods can only provide surface pore
structure. Destructive measurement has been the
dominant method to investigate three-dimensional
pore architecture. This procedure is not only
time-consuming but also induces distortion to
membrane, making the results less valuable.
Non-invasive microscopy methods are being
developed for three-dimensional characterisation
of membrane materials. For instance, Ferrando
et al. [10] had applied a confocal scanning laser
microscopy (CSLM) in membrane fouling char-
acterization. But the use of CSLM to characterize
surface porosity is restricted to microfiltration
membranes and the main drawback of CSLM
is its low resolution. Pujari et al. [11] also
investigated pore structure in polypropylene
membranes using slow positron beam and
small-angle X-ray scattering (SAXS).
In this study, a novel micro and nano charac-
terization method will be developed by exploring
the innovative XuM and micro-tomographic
techniques developed at CSIRO Division of
Manufacturing and Materials Technology,
Australia.
2. Materials and experimental
2.1. Materials
Commercial membranes are used. The aver-
age pore size for the five samples is 100, 200,
220, 440 and 500 nm, respectively.
2.2. X-ray ultra microscope (XuM)
Mayo et al. [12,13] introduced a new X-ray
ultra microscope (XuM) by incorporating a
scanning electron microscope as a host. The
XuM exploits X-ray phase contrast to boost the
quality and information content of images and is
a versatile and useful instrument, with greatly
enhanced visibility of weakly absorbing and
fine scale features [14]. The XuM used in the
current work is based on a FEI XL-30 SFEG
SEM [12–14]. It utilizes a ‘right-angle’ geome-
try, that is, the X-ray source-detector axis is at
right-angle to the electron beam.
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The principle of the XuM is illustrated in
Fig. 1 [13,15]. X-rays from the source pass
through the sample to form a projected image
at the detector. The magnification of X-ray
images,M, is determined by the distance between
the sample and the detector and the X-ray source,
which is given by M ¼ (R1 þ R2)/R1, where R1
and R2 are the source to sample and sample to
detector distances, respectively. By moving the
detector away from the sample or by moving the
sample closer to the X-ray source in a fixed
detector system, images of varied magnification
can be acquired. The X-ray source needs to be
sufficiently small in a projection geometry to
observe refraction effects and obtain images
that display both phase and absorption contrast.
As absorption contrast is more sensitive to
slowly varying features while phase-contrast
provides increased high spatial frequency
information, they are generally regarded to be
complementary [13,16].
The size, symmetry and intensity of an X-ray
source to a large extent determine the imaging
performance of the system. By using a SEM as
a host and by focusing the electron beam onto
a suitable target material, the SEM provides a
small stable source of X-rays appropriate for
very high resolution X-ray imaging. X-rays are
generated at the impact point of the beam and
propagate in all directions. The sample to be
imaged is held vertically on the SEM stage and
positioned between the target and the detector.
X-rays passing through the sample are then
detected.
2.3. Sample preparation
Gao et al. [14] developed right-angle
integrated sample cells (ISC) used for high-
resolution XuM imaging, which allow for very
high spatial resolution and significantly facil-
itate the preparation and holding of the sam-
ples. An ISC is generally a combination of a
target, a spacer, a sample chamber and an exit
window.
The development of a reliable integrated
sample cell is vital to the acquisition of high
quality images given that the samples are very
small and flexible. Two types of ISC have been
developed [14], one for small dry objects and
one especially for liquid or small wet objects.
The ISC for dry objects is used in the current
work and its structure is shown in Fig. 2. Here
a hollow brass tube of ~0.5 mm in diameter was
cut at 45. Mylar film of 3.5 mm thickness was
glued to the 45 end of the tube and this film
was covered with a thin tantalum (Ta) foil target
of 0.5 mm thickness. The sample was fixed inside
the tube. The ISC was mounted on the SEM
sample stage with the axis of the tube parallel
Fig. 1. Schematics of the XuM system components
[13].
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Fig. 2. Diagram of the right-angle integrated sample
cells for small dry objects [14].
F.H. She et al. / Desalination 236 (2009) 179–186 181
to the X-ray source-detector direction (perpendi-
cular to the electron beam direction). The SEM
stage allows X, Y and Z translation and rotation
about the vertical (Z) axis.
The ISC was positioned a few millimeters
below the SEM pole piece and the electron beam
was focused onto the Ta foil target to generate a
submicron X-ray source.
X-ray images from five samples were
recorded using the right-angle ISCs fitted with
a 0.5 mm thick Ta (Ta L characteristic line is
8.14 keV) foil target inclined at 45 to the elec-
tron beam direction. The X-ray source size was
approximately 100 nm. The SEM accelerating
voltage was set at 25 kV. The X-ray camera uses
a direct detection, deep depletion CCD with
1340  1300 pixels each 20 mm by 20 mm in
size and is fitted with a 250 mm thick Be win-
dow. The target-detector distance, R1 þ R2,
was fixed at 259 mm. Each image is the average
of a series of individual frames. Each frame in
an image series has been aligned to the first
frame to correct for any drift during the experi-
ment and dark current and flat field corrections
have been applied.
The XuM exploits X-ray phase contrast to
boost the quality and information content of
images although there is a very small difference
between the density of the polymer materials
and the pore (air). Two different approaches
were developed to examine the robustness of the
XuM technique:
(1) The samples without any treatment were
directly fixed in a ISC and imaged using
XuM technique; and
(2) The samples coated with a thin gold layer in
an argon atmosphere to produce a ~20 nm
thick conductive coating were used for
micro-tomography.
2.4. Image acquisition
The samples were measured with both tradi-
tional SEM and XuM machines. Two represen-
tative images are shown in Fig. 3 on the same
membrane which has an average pore size of
440 nm. It is observed that SEM images can pro-
vide more detailed surface information but can
hardly show any internal pore structure.
2.5. Image processing
The images taken with SEM and XuM were
processed with a series of image processing
algorithms. The detailed principals of these
algorithms can be found in [17]. The algorithms
include cropping image from original image;
contrast enhancement; image filtering; image
thresholding; isolated noise complementing and
removing; morphological operations; and Eucli-
dean distance transformation.
Fig. 3. (a) XuM image, (b) Traditional SEM image.
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3. Results and discussion
The traditional SEM images only present the
morphological information on membrane sur-
face (Fig. 3b) while the XuM images can provide
more comprehensive information (Fig. 3a) on the
membrane as a three dimensional structure. The
XuM can particularly have the potential to
explore the three-dimensional porous structure
through 3D reconstruction [15] which will be
more robust. However, the resolution of the
XuM machine is lower than the traditional SEM
machine (Fig. 3).
3.1. Resolution of the XuM
The XuM can successfully observe the porous
structure of all membranes studied. The pores for
the membrane of 100 nm (Fig. 4a) are obviously
smaller than that of the membrane with an aver-
age pore size of 200 nm (Fig. 4b). The pores are
represented by the white (bright) spots in the
images. From Fig. 4a, the pores of 100 nm are
clearly recognizable even with naked eyes and
of course, with the image processing software.
Therefore it is possible for the XuM to be used
on membranes of pores finer than 100 nm.
3.2. Characterisation of membranes
from XuM images
The XuM and SEM images in Fig. 3 can be
analysed with image processing technology. The
algorithms can significantly enhance the contrast
between the areas of interest i.e. pores and the
polymeric materials. Though the membrane
material for two images in Fig. 3 is the same the
pore geometry and the polymeric structure are
different due to different principles being adopted
by XuM and SEM. The membrane structure pre-
sented in Fig. 3b only provides surface informa-
tion. The images after a number of image
processing operations become very distinguish-
able (Fig. 5) from which the statistical informa-
tion of the pores can be calculated.
The calculation of the pore characteristics
follows the generic definition [17]. For XuM
images of the membrane of 440 nm, the maxi-
mum pore diameter measured is 1.55 mm and
the minimum pore size is 120 nm. The equiva-
lent pore diameter is 440 nm which is the same
as the company specification of 440 nm and the
porosity is 30%. The majority of the pores have
a diameter less than the mean diameter (Fig. 6a).
The pore diameter calculated from the SEM
images (Fig. 6b) shows a distinct distribution
from that of the XuM images (Fig. 6a). The
maximum pore diameter measured is 3.92 mm
while the minimum diameter is 0.38 mm. The
equivalent diameter measured based on the sur-
face pore structure in Fig. 3b is however,
0.92 mm though a large proportion of the pores
have a mean pore size of 400 nm. This is much
larger than the 0.44 mm measured from XuM
and specified for the material.
Fig. 4. XuM images (a) average pore of 100 nm, (b) average pore size of 200 nm.
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The measurement of pore attributes from
XuM images of other membranes has also
shown good agreement with the specification
of the membrane. For example, the measured
diameter of the pores for membranes of 200,
220 and 500 nm is 240, 230 and 518 nm,
respectively. However, there is one exception
for the membrane with a pore size of 100 nm
(Fig. 4a) and the measured equivalent pore dia-
meter is 210 nm which is much larger than the
specified 100 nm. This may be related to the
resolution of the XuM and will be further
examined. The stability of the right-angle inte-
grated sample cell is another potential source
for this discrepancy and a more reliable cell
will be developed particularly for membranes
of sub-nano pore size.
3.3. Three dimensional imaging of
membranes
Fig. 7 has demonstrated a strong feasibility of
three dimensional characterisation of mem-
branes with XuM. However, it will exert a great
challenge to ensure the stability of the samples
during the measurement. When a small and soft
membrane sample of micro dimension is held
within the SEM chamber, the charging released
from the X-ray target will have a certain impact
on the polymeric materials although the sample
was coated. Particularly when the interval of
Fig. 5. The processed images used for the calculation of
pore characteristics: (a) XuM, (b) SEM.
Fig. 6. Measured equivalent pore diameter for the
membrane with average pore size of 440 nm (a) XuM,
(b) SEM.
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imaging is small ie 0.5, it takes more than 24 h
to image 720 frames. A higher frequency of the
imaging is required to reconstruct more accurate
three dimensional structure of nano pores.
4. Conclusions
A novel X-ray ultramicroscopy (XuM) tech-
nology is developed to characterise the porous
structure of membrane materials. The measure-
ment is compared with the specification of the
membranes and that with conventional SEM. It
has demonstrated that the XuM is a very power-
ful and effective technology to characterise
membrane materials with a pore size larger than
200 nm.
There is great potential for XuM to be further
explored for both three dimensional characteri-
sation and more accurate measurement. While
the images for membranes with a mean pore
diameter of 100 nm have been successfully
produced, it has been demonstrated that the tech-
nology can reach a resolution of 50 nm [16].
The XuM technology will also have the poten-
tial to be used to examine the effect of fouling
during filtration on the pore size distribution and
other membranes such as inorganic membranes.
The extensive experience accumulated from
current work towards the improvement of inte-
grated sample cells will also help develop new
cells for stabilized holding of the samples which
also lead to further improvement in resolution.
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